Background. Starch branching enzyme (SBE) is one of the key enzymes in starch biosynthetic metabolism and determines the structure of amylopectin.
22 NnSBEIII into SBE family A. The homozygous haplotype (AA GG GG AA GG) of NnSBEIII 23 was observed in lotus seeds. During the seed embryo development stage, NnSBEIII reached the 24 peak in the middle of the development stage, while NnSBEI increased in the mid-late 25 developmental stage. The different affinity activity of the two isozymes binding amylopectin and 26 amylose assay indicated NnSBEI has higher activity and wider affinity. 27 Discussion This study showed that NnSBE genes received artificial selection during the process 28 of cultivation and domestication in lotus seeds. Furthermore, the expression pattern and affinity 29 activity analysis indicated that NnSBE genes were related to the chain length of amylopectin. 30 Introduction 31 Lotus (Nelumbo nucifera Gaertn) is an ancient perennial aquatic plant and important crop in 32 Asia. Archaeological research has estimated that the history of lotus is more than 7,000 years 33 old, and it has been cultivated for more than 2000 years (Guo 2009; Shen-Miller 2002) . In 34 general, lotus are grouped into three clusters corresponding with the three different important 35 organs, namely ornament, seed and rhizome, respectively (Guo 2009; Wu et al. 2007 ). As a type 36 of tropical plant with high photosynthetic efficiency and high carbon conversion, lotus has high 37 starch content. Because of their high amount of starch, the edible rhizomes and seeds play a key 38 role in a daily diet and cultural activities ). Studies have shown that fresh 39 rhizomes, on average, are comprised of 10-20% starch in their total fresh weight, while the 40 amount is 40-60% in mature seeds (Shen-Miller et al. 1995) . 41 Starch is an important polysaccharide and the major form of carbohydrate storage in plants 42 (Slattery，Kavakli，Okita 2000) . It is a necessary part of the human diet in terms of nutrition and 43 calories. Starch is comprised of two glucan polymers, amylose and amylopectin, which have 44 different characteristics because of their starch molecular structure. Amylose and amylopectin 45 synthesis are regulated by the coordinated action of a series of enzymes. AGPase produces 46 substrate that plays a role in the synthesis of amylose and amylose. Amylose synthesis is mainly 47 controlled by granule-bound starch synthase (GBSS), while amylopectin is generated by the The 45 individuals of lotus were copolymerized into three classes, and the first class can be 212 divided into two subclasses with a similarity coefficient of 5.8, and the first subclasses are lotus 213 seeds and wild lotus. The homozygous haplotype (AA GG GG AA GG) of NnSBEIII was 214 observed in lotus seeds (Supplement 1). These results paved a way to apply the useful allelic 215 variations or gene haplotypes in cultivar lotus and quality breed programs.
216 Expression pattern 217 The temporal and spatial expression of both genes were analyzed to investigate their expression 218 patterns. The results of qRT-PCR demonstrated that the transcriptional expression level of 219 NnSBEI and NnSBEIII was detectable in all tissues. Tissue-specific expression analysis showed 220 that the highest transcript levels of NnSBEI and NnSBEIII were observed in leaves. The 221 transcript level of NnSBEI was higher in rhizomes while NnSBEIII expressed strongly in 222 petioles. The expression profile of NnSBEI in the rhizome showed strong temporal differences, 223 and the relative expression level increased gradually from initial development to late stage. 224 NnSBEIII showed temporal differences in the petiole, which enhanced in the middle and 225 decreased in the late stage (Fig 4) . During the seed embryo development stage, NnSBEI and 226 NnSBEIII expressed significant differences. Transcripts of NnSBEIII reached the peak at 20DAF 227 in the middle of development stage, and then decreased gradually, while NnSBEI increased in 228 16DAP to 28DAF and expressed strongly in the mid-late developmental stage ( fig 5) . In the peak 229 stage, NnSBEI expressed ten times higher than NnSBEIII.
230 Dynamic changes of enzyme activities 231 The dynamic changes of enzyme activity of the SBEs were analyzed in different temperatures, 232 tissues and developing stages. Incubation in different temperatures revealed that the highest 233 enzyme activity was generated under 37℃. The enzyme activity of inter-organizational 234 measurement and assessment showed the highest catalytic activity in leaves, followed by 235 rhizomes and petioles which increased steadily, and activity in the roots was the weakest. During 236 seed development, enzyme activity increased rapidly, and the activity peak appeared at 20DAP, 237 then decreased slightly (Fig 6) . 238 The affinity of two isozymes that bind amylopectin and amylose 239 To explore the affinity activity, recombinant DNA techniques were used to generate the pET-240 28a-NnSBEI and pET-32a-NnSBEIII plasmids. Testing of the inducible expression vector 241 showed that both proteins were soluble, and the apparent molecular weights of pET-28a-NnSBEI 242 and pET-32a-NnSBEIII were about 105kDa and 120kDa (with His tag) respectively. The affinity 243 activity of NnSBEI and NnSBEIII to amylopectin and amylose were assayed at various starch 244 concentrations. As we can see in Figure 7 , the activity of both isozymes correlated with the 245 substrate concentration, and the rate of reaction changed with the increase of the substrate 246 concentration until the enzyme was saturated. NnSBEI showed higher affinity activity when the 247 substrates were amylose and amylopectin. However, another isozyme, NnSBEIII, only worked 248 on amylopectin, and the branching efficiency was only half of NnSBEI.
Discussion

250
Starch is an important edible component in lotus, and the starch branch enzyme is involved in 251 the synthesis of amylopectin. In this study, we focused on the SBE family genes in lotus, and 252 revealed two isoforms of NnSBEs: NnSBEI and NnSBEIII. In this study, a SBE phylogenetic tree 253 included the SBE gene families from algae, monocots and dicots according to the protein 254 sequences of the sequenced species. Two or three SBE isoforms were isolated from different 255 plants, and divided into two families: family A and family B (Fig 3) . SBEI belonged to family B, 256 which has been reported in a range of species. and SBEIII belonged to family A, which has only 257 been identified in maize, wheat, rice and lotus, and little research has been done about this Starch synthesis and accumulation are closely related to photosynthesis. It was found that the 272 AGPase and GBSS genes of lotus, related to starch synthesis, were expressed higher in leaves 273 Lu et al. 2012) . As the tissue of photosynthesis, leaves support the first step 274 of synthesizing sugar and meet the carbon demand faster. The results of q-PCR showed that the 275 two NnSBEs were expressed throughout plant tissues. NnSBEI was strongly activated in the 276 leaves and petiole; NnSBEIII was highly expressed in the leaves and stems (Fig. 4) . The 277 transcriptional level kept rising during the swelling stage in the petiole and rhizome, which 278 represent the transmission and storage tissues respectively. It is possible to adapt the sugar 279 demand of starch accumulation in plants, and it is consistent with the role of the rhizome in its 280 rapid development. This spatial and temporal variation from top to bottom may be related to the 281 process and the transport of starch synthesis to achieve higher efficiency of starch accumulation. 282 Such expression patterns of temporal and spatial controls have also been found in many other 283 species (Tetlow 2010) . This spatial and temporal expression pattern of NnSBEs help 284 amylopectin to adapt requirements at different developmental stages. 285 During evolution, SBE A family is inclined to the amylopectin branch, while SBE B family 286 is more sensitive to amylose. Likewise, this experiment showed that NnSBEI has higher catalytic 287 activity for amylose and amylopectin, while NnSBEIII expressed catalytic activity only when the 288 substrate was amylopectin. Protein sequences of the SBE genes among a range of species 289 revealed that the SBEI and SBEIII subunits showed homology in their α-amylase catalytic 290 domain, but highly dissimilar sequences in N-terminus and C-terminus. Construction of chimeric 291 enzymes out of maize branching enzymes found that the N-terminal determined the specificity of . We speculated that the difference between 297 enzymatic characteristics of the two subunits are determined by the N-terminus and C-terminus. 298 These differences met the requirements of amylopectin to produce different grades of branches 299 and different sizes of side chains. 300 Expression and protein structure-activity analysis of NnSBE genes in the plant kingdom 301 Ample indicate that SBE plays a critical role in affecting the fine structure of amylopectin (Satoh 302 et al. 2003) . In another study of developing lotus seeds, a similar conclusion was drawn. In this 303 study, we learned that NnSBEI belong to the SBE B family and tend to transfer longer chains, 304 while NnSBEIII belonged to the SBE A family and prioritized short chain. Higher catalytic 305 activity and expression level of NnSBEI indicated that the long chain was preferred in the 306 transfer during the starch synthesis of lotus seed. Zhuo's research about the molecular structure 307 of lotus seed found that the branching degree of amylopectin was short, and the glucose residues 308 of side chains were longer, more than 30 (Zheng，Zheng，Zeng 2004). This is consistent with the 309 level of genetic research on NnSBE. Therefore, transcription and the SBE protein in lotus have a 310 great influence in the fine structure of amylopectin. Furthermore, the edible quality of lotus seed 311 was affected, making it easy for starch to retrogradate. 
